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In mammals, birth marks a transition to a cold and gaseous 
environment that requires rapid physiologic adaptations lim-
iting heat and water loss. In this study, the perinatal Sprague-
Dawley rat was utilized as a model to study the be.havi~r of 
water binding to the external body surface followmg birth. 
Water sorption and desorption were quantified by measure-
ment of skin surface capacitance following water loading 
using a dry ring electrode system. The results indicate that 
the external body surface of the newborn rat is highly hydro-
phobic. This hydropho.bi~ity is. manifest~d by. the rapid de-
sorption of water (aml1lotlc flUId) followmg birth as well as 
T he u~e of electrical measurements to assess skin hydra-tion is well established [1,2]. Whereas such measure-ments are often referred to as impedance techniques, conductance or capacitance are the parameters most commonly measured [3,4]. These methods all rely 
on marked increases in the dielectric constant that occur as the 
stratum corneum is hydrated. Increasing the dielectric constant 
leads to decreased impedance and increased conductance and capaci-
tance. 
Tagami and co-workers [4,5] have used conductance measure-
ments in a water sorption-desorption test to investigate the ability of 
the stratum corneum to hold water in "i"o. In this method, the sk111 
is first hydrated with liquid water and then water evaporation is 
monitored by measuring conductance as a function of time as the 
surface dries. Using this technique, Tagami and co-workers have 
shown a reduced water-holding capacity in the skin of newborn 
infants [6] and in psoriatic scale [7] and an increase in the water-
holding capacity of normal stratum corneum following treatment 
with glycerol [4]. . 
In this study, we have modified Tagami's water sorption-desorp-
tion test by measuring skin surface capacitance rather than conduct-
ance following water exposure. This approach has been used to 
determine the ontogeny of water-holding capacity in the neonatal 
rat. Results are presented relative to the effects of birth, developmen-
tal age, tape stripping, somatic growth, and extraction with orga~ic 
solvents. These data are interpreted within the context of a potential 
thermoregulatory role of the fetal periderm during adaptation to 
postnatal life. 
MATERIALS AND METHODS 
Materials Timed-gestation Sprague-Dawley rats were purchased 
from Zivic-Miller Laboratories, Inc. (Zelienople Park, PA) on the 
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marked limitation of water sorption after birth. Post-natally, 
this hydrophobic effect is gradually lost over the first 3 d of 
life. Somatic growth retardation results in retention of this 
surface property, whereas extraction of the skin surface with 
acetone abolishes it. Morphologic and functional (water bind-
ing) studies performed after stripping the stratum corneum 
with ac.rylic a?hesive strongly suggest a physiologic role for 
the penderm m determining this postnatal hydrophobic ef-
fect. These data are interpreted as evidence for a novel ther-
moregulatory mechanism in the rat during adaptation to 
post-natal life.] I'lIIest Dermatoi100:407-411, 1993 
fifteenth day of pregnancy and housed in our vivarium. Mothers 
were given water and routine laboratory chow ad libitum. Delivery 
occurred rout111ely on day 21-22 of gestation and litters were un-
disturbed until the time of experimentation. Acetone was purchased 
from Fisher Scientific. Adhesive tape (Scotch Transparent Tape 
600) was purchased from 3M Company, St. Paul, MN. The DPM 
9003 instrument was obtained from the NOVA Technology Corpo-
ration, Gloucester, MA. 
Capacitance Measurements Skin surface capacitance measure-
ments were made with a NOVA Technology Corporation Model 
DPM 9003 dermal phase meter. Thi~ device emits a 1-Mhz span of 
simultaneously ~roduced frequenCIes, producing a differential 
current source US111g a controlled rise time. Two concentric brass 
electrodes are separated by a non-conducting resin. Capacitance is 
calcul.ated at se~e~al frequencies from the signal-phase delay using a 
p~opnetary clup 111 .the lIlstrument. The capacitance readings are 
dl:ectly r~lated to picoFarads (pF) of capacitance in the volume of 
sk111 that IS effectively measured .. Conductance and capacitance have 
been shown to c.orrelate to skin water content hI "i"o [3,8] and 
measurements uSlllg thiS device have been shown to correlate to 
clinical scaling and cracking grades [9]. The probe head is connected 
to th~ mam ~ody of the 111strument through a flexible cable and 
contallls a spnng to ensure consistent contact pressure on the skin . 
Protocol for the Water Sorption/Desorption Test The abil-
ity o~ the stratum corneum to sorb and desorb water was assessed by 
modIficatIOn of the standard test procedure described by Tagami [5] . 
All measurements were performed using fetal or neonatal animals 
~naintained ~t a ':nest temperature" of 34 °C [10,11] in a C-100 
111cubator (Air-Shields, Hatboro, P A). Pups were placed in individ-
ual, ~erforated, polystyrene cups prior to measurement. Baseline 
capaCItance measurements were obtained over the low mid-dorsal 
area using the NOVA DPM 9003 instrument. The animals were 
then gently lifted between thumb and forefinger and inverted, and 
the low dorsal area submerged in double-distilled water for 10 sec-
onds. Following submersion, excess water on the dorsum was re-
mov~d with three quick, successive blots using sterile gauze sponges 
(Cunty, Kendall Company, Boston, MA). Serial measurements 
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Figure 1. A) Ontogenetic profile of the water SOrption/ desorption test in 
the neonatal rat. Consecutive water sorption/desorption tests were per-
formed using littermate rat pups beginning on day 0 and continuing 
through day 3 of life. Values represent mean ± standard error, n = 6. 
Error bars for the day 3 animals are contained within the symbol. All peak 
capacitance measurements differed significantly from each other, p < 
0.05, analysis of variance. B) Effect of epidermal tape stripping on the 
water sorption/desorption profile. In this representative experiment, six 
rat pups (littermates to animals shown in A) received a single tape strip-
ping of the low dorsal epidermis on the day of birth (day 0). Serial water 
sorption/desorption tests were performed on subseq\l.ent days. Standard 
errors were maximal for the day 0 animals and for clarity are shown for 
this day only. Adhesive tape stripping on day 0 resulted in peak capaci-
tance readings that were indistinguishable from measurements per-
formed on subsequent days. 
were taken every 20 seconds thereafter and the data plotted using 
the onset of water exposure as time O. 
Experimental Protocols The ontogenetic profile of the water 
sorption/desorption test was evaluated in littermate rats on post-
natal days 0-3. The day of birth was routinely designated day 0 in 
all experiments. In this study, litters were divided at birth into two 
groups with the first group used to measure tbe normal, unper-
turbed, developmental profile of the water sorption/ desorption test. 
This test was performed on the day of birth and at 24-h intervals for 
the subsequent three post-natal days. The second group received 
tape stripping of the epidermis on the day ofbitth only. Tape strip-
ping was performed approximately 20 min prior to the first sorp-
tion/ desorption test using Scotch clear transparent tape as described 
previously [5] except each animal received tape stripping once only. 
The sorption/desorption test was then performed exactly as on the 
littermate controls on post-natal day 0-3. The effect of adhesive 
tape stripping on the morphology of the stratum corneum was ex-
amined using cryostat sections of dorsal epidermis stained with 
methylene blue and exposed to alkaline conditions according to the 
method of MacKenzie [12]. 
For studies of postnatal adaptation, fetal animals were delivered 
by Caesarean section on gestational day 21 following anesthesia of 
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Figure 2. A) Representative photomicrograph of alkaline-expanded 
stratum corneum in the newborn rat. Cryostat sections of dorsal epider-
mis were obtained from rat pups on the day of birth and stained with 
methylene blue. The stratum corneum was expanded under alkaline (pH 
12.5) conditions and the number of stratum corneum layers were counted 
directly from photomicrographs. The post-natal persistence of the granu-
lar periderm is apparent at the upper border of the stratum corneum. B) 
Effect of tape stripping to remove the granular periderm. Rat pups (litter-
mates of animals in A) received adhesive tape stripping once over the low 
dorsal e?idermis prior to obtaining frozen sections of the epidermis and 
alkaline expansion of the stratum corneum. This representative photOmi-
crograph shows the effect of tape stripping to remove the overlying gran-
ular periderm exposing the underlying stratum corneum. 
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Figure 3. Skin capacitance readings in the fetal rat following pre- term 
delivery. Skin surface capacitance was measured following blotting of 
amniotic fluid in fetal rats delivered by Caesarian section on day 21 of 
gestation. Pups exhibited a rapid decrease in skin capacitance reaching a 
baseline by 30-60 seconds, whereas measurement of the inner surface of 
the amnion at 120 seconds showed persistently high capacitance read-
ings. Simultaneous skin temperatures measured over the dorsal epider-
mal surface using an infrared thermometer are also shown. Values repre-
sent mean ± SEM, n = 10. 
the mothers with methoxyflurane (Pitman-Moore, W ashington 
Crossing, NJ). Pups were delivered prematurely, one at a time, and 
placed in a C -100 incubator at 34 0 C. The amnio~ was removed, 
blotted WIth gauze, and placed to one side. Baselme capaCI tance 
measurements were obtained over the low dorsal surface of the fetal 
pups 5 to 10 seconds after blotting the epidermis with sterile gauze. 
Simultaneous skin temperature readings were obtained using an 
infrared thermometer. Subsequent readings were taken every 30 
seconds thereafter four times. Capacitance measurements were also 
performed on the inner surface of the amnion at the 2-min time 
point. 
The effect of postnatal growth retardation on the ontogeny of 
water sorption/ desorption was assessed using the paradigm of con-
trolled litter size described by Widdowson [13J . In routine experi-
ments, one litter of rat pups (n = 12) was pared to four pups at birth 
and the remaining eight pups cross-fostered to another litter of 
eight born on the same day. This distribution schema resulted in a 
litter of four (growth acceleration) and a litter of 16 (growth retard-
ation) . Daily water sorption/desorption tests were performed on 
the original 12 littermate pups along with determination of body 
weights. 
The effect of acetone extraction to alter skin surface capacitance 
and the water sorption/desorption test was assessed using postnatal 
littermate animals. Briefly, the extraction was performed in a C-l 00 
incubator with the rat pups maintained individually in styrofoam 
cups on sterile gauze pads. Rats were treated over the low dorsal 
region with absolute acetone-soaked cotton swabs essentially as de-
scribed by Menon et at [14J. Treated animals received five individual 
acetone treatments spaced approximately 1 min apart with each 
treatment lasting a total of 10 seconds. Control animals were un-
treated . A water sorption/desorption test was performed 60 min 
after the last acetone treatment. 
RESULTS 
The ontogeny of water sorption-desorption was assessed in the neo-
natal rat by skin surface capacitance readings. Initial water sorption-
desorption tests were performed on littermate rat pups beginning on 
the day of birth and continuing through day 3 of life. As shown in 
Fig lA, there was a progressive increase in peak capacitance readings 
over the first 3 d after birth . Of interest, the peak values obtained on 
postnatal day 3 correlated very closely. In a representative experi-
ment on postnatal day 3, for example, peak capacitance values at the 
20-second time point were recorded as 572, 572, 572, 574, and 574 
pF in six littermate rat pups. The low variability in these data is 
apparentl y not due to saturation of the instrument because the de-
vice is capable of measurin g much higher values (cf. Fig 3). 
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~igu.re 4. Representative growth curves of fast-growing and slow-grow-
mg htters. As described in Materials alld Methods, newborn littermate rat 
pups were ?istribut~d at birth to litters of four (fast growing) versus 16 
(slow growmg). Senal body weights were obtained at 24-h intervals for 
the three subsequent days. Values represent mean ± SEM. 
The effect of ad hesive tape stripping on stratum corneum water 
sorptl?n-desorptl?n ~ s shown in Fig lB. Rat pups were subjected to 
adheSIve tape. stnp'pmg one of the low dorsal epidermis several 
hours followmg bIrth and serial water sorption-desorption tests 
were performed on subsequent days. Tape stripping abolished the 
~lormal ontogeny of.response and resulted in pea k capacitance read-
Ings on the day of btrth that were indistinguishable from measure-
ments performed on subsequent days. 
As shown in Fig 2A, alkaline exposure results in expansion of the 
stratum corneum and the number of stratum corneum layers can be 
counted d~rectly from photomIcrographs [12J . The granular peri-
derm I?emsts post-natally m the newborn rat and is clearly visible 
overl>:lI1g the upper layer o.f corneocytes in Fig 2A. A single tape 
stnppmg, however, results m removal of the peridermal layer and 
exposure. of the underlymg stratum corneum. To quantitate this 
effect: a smgle lItter ~f 12 pups was di.vided into two groups at birth 
and SIX ammals receIved tape stnjJPll1g once over the dorsal epi-
derm~s. All a11lmals were then sacnficed and frozen sections of epi-
dermIS were processed for alkalll1e expansion of the stratum cor-
neum [12J . The number of stratum corneum layers were determined 
d~rectly fr?m the resultmg photomicrographs. There was no sig-
11Ificant dIfference between the control and tape stripped pups 
(control, 16.5 ± 0.7 layers versus tape stripped, 17.2 ± 1.0 layers; 
mean ± SEM, n = 6 per group) . 
Th: presence of a hydrophobic boundary layer in the newborn 
o:gal1lsm has potentIal thermoregulatory significance as a mecha-
I1Ism of cu:tatlmg I~eat loss due to evaporation. Figure 3 shows a 
representatIve expenmel~t 111 whIch fetal rats were delivered prema-
turely by Caesa~lan sectIon on day 21 of gestation and serial skin 
capacItance readIngs were ~aken every 30 seconds following birth. 
As shown, fo ll owlIlg blottll1g of the dorsal epidermis, there was a 
rapId. decrease 111 skm sur.face capacitance readings, which reached 
basel me values at approXImately 60 seconds after delivery. At 120 
seconds after bIrth, measurement of the inner surface of the blotted 
fetal membranes (amnion) showed extremely high values (962 ± 9 
pF, mean ± SEM~ n = 10) consistent w ith a wet, non-hydrophobic 
surface. ConcOImt~nt measurements of skin surface temperature 
USIng a noncontact mfrared thermometer rose from initial readings 
to plateau levels by approximately 30 seconds. 
To evaluate the effect of somatic growth on the ontogenetic 
profile of th~ water sorption-desorption test, newborn littermate rat 
pups were dlstr.lbutedat birth to litters of four (fast-growing) versus 
16 (slow-~rowmg) . FIgure 4 shows representative growth curves of 
fast-growmg and slow-growing litters . Water sorption-desorption 
tests ~ere performed on the day of birth and at 24-h intervals until 
the thIrd postnatal day . As shown in Fig SA, no significant differ-
ence was observed between groups on the day of birth (day 0). 
Measuremenr on subsequent days, however, showed the fast-grow-
ing animals moved through the normal ontogenetic sequence at an 
---
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Figure 5. A-D. Effect of postnatal growth retardation test. A-D show the results of water sorption/desorption tests performed on pups from the 
growth accelerated and growth retarded litters shown in Fig 4. On the day of birth (A ), the water sorption/ desorption profiles exhibit a blunted, barely 
distinguishable peak with no Significant difference between treatment groups. Twenty-four hours later (B), peak readings are Significantly elevated in the 
growth-accelerated group compared to the growth-retarded litter, p < 0.01. On post-natal days 2 and 3 (C and D), the growth-accelerated group has 
reached a maximum, whereas the growth-retarded group continues to exhibit a slow but steady increase in peak capacitance. Values are means with 
standard errors shown for the peak capacitance readings only. Error bars for the fast-growing animals on postnatal days 2 and 3 are contained within the 
symbols. 
accelerated rate compared to the slow-growing animals (Fig B - D). 
This was manifested by high er peak capacitance values in the water 
sorption-desorption test on each day following birth. 
The apparent hydrophobic character of the superficial skin sur-
face in rats during the early neonatal period supports the potential 
role of lipids actin g as a water barrier. Figure 6 shows the effect of 
extraction of the skin with ace tone prior to performance of the 
water sorption-desorption test. As shown, acetone treatment re-
sulted in a marked increase in peak capacitance readings compared 
to untreated littermate control s. 
DISC USSION 
The proper functioning of the mammalian stratum corneum in-
volves compl ex interactions with molecular water [15] . On the one 
hand, the stratum corneum must be relatively impermeable to water 
to prevent excess water loading before birth and dessication after 
birth. On the oth er hand, w ater must be bound within the stratum 
corneum to maintain the fl ex ibility necessary for free body move-
ment and to prevent fissuring and scaling [16] . Moreover, nearly 
every biophysical property measureable at the skin surface (electri-
cal, mechanical, thermal, chemical) is influenced by the water con-
tent of the stratum corneum. 
Numerous methods have been devised to evaluate the hydration 
state of the skin surface [2,4,17]. One increasingly popular tech-
nique involves the measurement of skin impedance using dry sur-
face electrodes [4]. This method is based upon the dramatic change 
in the electrical properties of the stratum corneum when moistened. 
In general , the primary electrical quantities measured are conduct-
ance or capacitance, both of which increase following addition of 
water to the stratum corneum [3]. In other experiments, it has been 
shown that increased capacitance parallels increased conductance as 
the less hydrated outer layers of the stratum corneum are removed in 
serial tape-stripping experiments [4,7]. In this study, we measured 
skin surface capacitance in the late fetal and early neonatal rat under 
experimental conditions designed to assess water binding at the 
organism-environmental interface. 
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Figure 6. Effect of acetone extraction on water sorption/desorption. 
Skin surface capacitance profiles were obtained on littermate rat pups at 
24 h of age following acetone treatment of the low dorsal epidermis. 
Acetone treatment results in a marked increase in peak capacitance read-
ings follOwing water exposure compared to untreated littermate controls. 
Values are mean ± SEM, n = 6 for each group. 
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Our data strongly support the hypothesis that the newborn rat 
possesses a superficial, hydrophobic barrier that results in blunted 
water sorption-desorption postnatally. In term human infants, stud-
ies of water sorption-desorption using conductance techniques have 
revealed a similar hydrophobic skin surface (6). Rather than viewing 
this effect as a deficiency of stratum corneum water-holding capac-
ity we propose that a hydrophobic surface would confer a selective 
th~rmoregulatory advantage on the newborn organism by decreas-
ing heat loss ass?ciated with evaporation .. At birth, for exa.mple, 
mechanisms to lunlt the adsorptIOn or facIlitate the desorption of 
amniotic fluid would be highly protective against evaporative heat 
loss (Fig 3). Moreover, after birth, the neonatal rat is intermittently 
exposed to other hazards in the form of surface contammatlon WIt!l 
urine or the potential cooling effects of maternal saliva (18). In tlllS 
view, the external surface of the organism functions not only to 
"keep water in" but also to "keep water off." . . 
W ater flux is an important component in the regulatIOn of skm 
surface temperature, and, consequently, peripheral heat flux. In the 
newborn organism, central thermoregulatory mechanisms a:e 1I1ef-
ficient and peripheral mechanisms may be relatively more Impor-
tant. In humans, for example, the temperature gradient between the 
skin and air is tightly correlated with metabolic rate, whe:eas ab~o­
lute core temperature shows no relation (19). In rats, there IS consid-
erable evidence that factors regulating the temperature of the ma-
ternal-infant interface determine the length of lactation (18) . 
Physical stroking, for example, results in surface cooling and, by 
hypothesis, a prolongation .of lactat1C:>n [~O). Our results are consist-
ent with an additIOnal phYSical contributIOn to the control of surface 
temperature early in life, namely, the presence of a superfiCIal hy-
drophobic layer overlying the stratum corneum. . . 
The localization of this barrier to the granular periderm IS consist-
ent with the results of both functional (Fig 1) and structural (Fig 2) 
studies following simple tape stripping. In other work (21), we have 
demonstrated that the inner layer of periderm, as originally de-
scribed by Stern et at (22), persists postnatally for several days a~ter 
birth. This layer invests the rat at birth and, hypothetically, conSlS.ts 
of terminally differentiated, non-dividing cells linked to form a thl.n 
cellular membrane. This interfacial structure presumably expen-
enceS lateral expansion following birth associated with the growth 
of the organism. Breakdown of this layer in fas t-growing a~imals 
would provide a simple explanation of the results shown 111 Fig 
SA-D. In slow-growing animals with a relative paucity of penph-
eral insulation, the persistence of a hydrophobic surface may be of 
thermoregulatory benefit. . 
In the postnatal rat, the transition from a fluid to a gaseous ~nvI­
ronment is accompanied by spontaneous proteolysis of fil aggnn to 
free amino acids such as urocanic acid and pyrrolidone carboxylic 
acid (23). These molecules, particularly the latter, ar.e considered .to 
be important natural moisturizers that impart plastiCIty and flexlbl!-
ity to the stratum corneum (23,24). The presence of a hydrophobiC 
peridermal coveru~g overlymg the develo~mg stratum co:neum IS 
consistent With thiS process and, hypothetically, would aid 111 hy-
dration of the outermost corneum layers by acting as a temporary 
barrier to transepidermal water loss . . 
Figure 6 shows the ability of acetone to disrupt the wat.er ~arn~r 
properties of the skin and support an important role for lipids m tillS 
regard. Previous work by Elias and co-workers have clea~ly Impli-
cated stratum corneum lipids in formation of an effective water 
barrier (25) . Whether the periderm possesses specific lipids impor-
tant in maintaining this type of function is undetermined. . 
In summary, the measurement of skin capacitance has been uti-
lized to assess the dynamics of water sorption and desorption to the 
surface of the perinatal rat. The results indicate that the rat at birth 
exhibits a superficial hydrophobicity that is gradually lost as a func-
tion of somatic growth. Attempts to localize this effect strongly 
implicate the fetal periderm as a thin, terminally differentiated, 
hydrophobic membrane that persists for a limited time postnatally. 
This layer envelops the maturing stratum corneum, separates the 
perinatal organism from its environment, and subserves potential 
thermoregulatory and/or other sensory functions. 
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